Introduction
The health problem caused by fluorine contamination, particularly in ground water, has long been documented. The fluorine-bearing industrial waste has become one of the environmental concerns in recent years. The fluospar is used as a flux agent in steelmaking process, particularly for the production of high quality steels. When the fluorinecontaining slags are reused as road construction materials or subjected to landfill, fluorine will be leached out by rainfall, and finally permeates into ground water. Therefore, in order to prevent fluorine from contaminating the ground water, a proper treatment has to be made to immobilize fluorine according to the environmental standard.
The most well-accepted approach to stabilize hazardous waste elements is so-called solidification/stabilization process. The essence of this process is to incorporate hazardous elements into a stable matrix through cementing reactions in the presence of water. Even though a great deal of investigation has been made to immobilize a variety of waste elements, the problem on the removal of fluorine has not been elucidated, especially its immobilization mechanism.
Calcium aluminates (3CaO · Al 2 O 3 and 12CaO · 7Al 2 O 3 ) are very reactive cementitious materials and appear as constituents of cement and slag. The use of these materials to immobilize the heavy metal hazardous has been reported. [1] [2] [3] In the present investigation, the immobilization of fluorine with these two calcium aluminates has been studied by using the shaking test, and its mechanism is discussed based on microscopic observation, X-ray diffraction and electron microprobe analysis. The main propose of this research is the elucidation of the immobilization mecha-nism of fluorine which is indispensable to the treatment of fluorine-containing slags and the purification of fluorinecontaminated waste water. solution (40 ml) with the composition of 0.4 w/v% CyDTA-5.8 w/v% NaCl-5.7 v/v acetic acid was added to the sample solution for the F analysis, and 5 ml HNO 3 (1ϩ1) was added for the Ca and Al analysis. The F content was determined by the selective ion-electrode method (JIS-K-0101) and the contents of Ca and Al were determined by using inductively coupled plasma (ICP) atomic emission spectrometry.
X-ray Analysis
Suspension obtained after the shaking test was filtered by using the membrane filter with the open pore size of 0.1 mm. The solid was dried at room temperature for 24 h in a desiccator prepositioned with soda lime and P 2 O 5 , and then was further dried at 40°C for 24 h in an air bath. The compounds in this filtered solid were identified by XRD. It was found that the contamination of carbon dioxide was negligibly small.
Observation of Hydrated Calcium Aluminates
Calcium aluminate particles (0.84 to 1.0 mm) were reacted with the 20 ppm F aqueous solution in a 100 ml polyethylene bottle at the S/L ratio of 1/200 and 1/50 for C 3 A and C 12 A 7 , respectively, under either static or shaking condition. The shaking condition was the same as that described in Sec. 2.2.1. The hydrated particles were filtered by using the membrane filter with the open pore size of 0.45 mm and were rinsed with analytical grade methanol. The drying procedure was the same as that described in Sec. 2.2.2. The hydrated particles were observed by SEM. Hydration products on the surface layer of hydrated particles were identified by energy dispersive X-ray spectroscopy (EDX) and the degree of incorporation of F in the hydration products was evaluated by wave-length dispersive X-ray spectroscopy (WDX).
Results and Discussion

Shaking Test
The F content in aqueous solution is plotted against shaking time in Fig. 2 for various calcium aluminates (C 3 A, C 12 A 7 , CA and CA 2 ). These results are obtained under the conditions that the S/L ratio is 1/50 and the particle size is less than 0.1 mm. The ability of immobilization is in the increasing order of CA 2 ϽCAϽC 12 A 7 ϽC 3 A, which is in good agreement with the hydration rate of these compounds. 4) As will be discussed in Sec. 3.4, the C 3 A phase is the most effective to the immobilization of F because the degree of incorporation of F in its major hydration product, Ca 3 Al 2 (OH) 12 is high. The behavior of the F removal by C 12 A 7 and CA can be explained by the dominant hydration product, C 3 A · Ca(OH) 2 · 18H 2 O, in which the uptake of F is low. On the other hand, CA 2 hydrates very slowly in F aqueous solution and remains almost unhydrated even after 24 h, indicating that it is not effective to the immobilization of F.
The effects of the S/L ratio on the contents of F, Ca, and Al in aqueous solution for the C 3 A and C 12 A 7 particles are shown in Figs. 3 and 4, respectively. It can be seen from Fig. 3 that the C 3 A particles react so rapidly with the F aqueous solution that the F content decreases quickly below 0.01 ppm within a very short time, characterized by a low Al content compared with C 12 A 7 particles ( Fig. 4 ). The pH value is about 12.5 throughout the reaction. No effect of the S/L ratio on immobilization of F is observed. As shown in Fig. 4 , the variations of the contents of F, Ca, and Al with shaking time observed for C 12 A 7 are significantly different from those for C 3 A. In an early stage around 2 h, the contents of Ca and Al have the maximum which increases with increasing the S/L ratio. On the other hand, the F content rapidly decreases and reaches the minimum which corresponds to the maximum for the Ca and Al contents. Thereafter, the F content increases, followed by a rapid decrease of the contents of Ca and Al, indicating that the embedded F in hydrates is released partially. This phenomenon will be explained in detail in Sec. 3.2. The pH value during the reaction is between 11.5 and 11.8.
The effect of particle size on the F removal is shown in Fig. 5 for the C 3 A and C 12 A 7 particles. In the case of C 3 A the particle size has a small effect on the immobilization of F, whereas in the case of C 12 A 7 the F removal is significantly promoted by an increase in particle size. This can be explained as follows: The X-ray analysis reveals that the amount of C 2 A · 8H 2 O increases with increasing particle © 2001 ISIJ size, and this compound, as will be dicussed in Sec. 3.2, is easy to convert to Ca 3 Al 2 (OH) 12 which has a high holding capacity of F. Therefore, the C 12 A 7 particles with large size tend to favor the F removal. It is also noted that the contents of Ca and Al in aqueous solution after 6 h tend to be slightly higher with increasing the particle size. This suggests that the solubility of C 2 A · 8H 2 O is higher than that of C 3 A · Ca(OH) 2 · 18H 2 O, which is the major hydration product for C 12 A 7 .
X-ray Analysis
The filtered solid was identified by XRD for the samples obtained in the experiments shown in Fig. 5 . The hydration products are summarized in Table 1 as a function of particle size and shaking time. The Ca 3 Al 2 (OH) 12 phase is identified as the major phase for C 3 A along with the minor phases of C 3 A · Ca(OH) 2 · 18H 2 O, C 2 A · 8H 2 O, and C 3 A · xH 2 O (xϭ8-10). The C 3 A · Ca(OH) 2 · 18H 2 O and C 2 A · 8H 2 O phases become undetected after 24 h. No significant effect of particle size on hydration products is obtained.
The major hydration product for C 12 A 7 is C 3 A · Ca(OH) 2 · 18H 2 O. With increasing the particle size of C 12 A 7 the amount of the C 2 A · 8H 2 O phase increases, while that of C 2 A · 6H 2 O phase decreases. The C 2 A · 6H 2 O phase becomes observable in the case of particle size less than 0.1 mm after 6 h, which corresponds to the sudden increase of F content, as shown in Fig. 4 . It was found that when the C 3 A · Ca(OH) 2 · 18H 2 O precipitate was kept at room temperature for 4 months under the humidity ranging from 30 to 80 %, the substantial amount of C 2 A · 6H 2 O, along with a small amount of Ca 3 Al 2 (OH) 12 , was detected by XRD. Furthermore, the quantity of the Ca 3 Al 2 (OH) 12 phase increases with time, while that of the C 2 A · 6H 2 O phase decreases. This conversion tended to be accelerated with an increase in temperature and humidity. This indicates that C 3 A · Ca(OH) 2 · 18H 2 O is metastable and converts to C 2 A · 6H 2 O at first, then eventually to Ca 3 Al 2 (OH) 12 at a certain temperature and humidity. The conversion of C 3 A · Ca(OH) 2 · 18H 2 O to C 2 A · 6H 2 O explains the abnormal increase of the F content at 6 h in Fig. 4 . As will be discussed in next section, it is found that C 2 A · 8H 2 O is also a metastable phase and easily converts to Ca 3 Al 2 (OH) 12 . However, Ca 3 Al 2 (OH) 12 is not detected by XRD for hydrated C 12 A 7 because of a small quantity.
Microscopic Observation
C 3 A
In order to obtain the comprehensive picture of the reaction products on the surface layer of hydrated particles, specimens for the microscopic observation were prepared under the static and shaking conditions for the holding times of 2 and 24 h. The photomicrographs of the cross section and surface are shown in Fig. 6 , where the reaction layer of hydrated under the static condition is characterized by double-layer morphology. The layer close to the unhydrated C 3 A is made of the mixture of hexagonal-plate hydrates identified as C 2 A · 8H 2 O (A) and C 3 A · Ca(OH) 2 · 18H 2 O (B), and the outer layer is formed by Ca 3 Al 2 (OH) 12 (C) whose morphology is cubic. The amount of outer layer (Ca 3 Al 2 (OH) 12 ) increases with holding time. The WDX analysis reveals that this phase contains higher amount of F up to 6 mass%, while the C 3 A · Ca(OH) 2 · 18H 2 O phase has low uptake of F less than 0.24 mass%.
The photomicrographs of the cross section and surface of hydrated C 3 A particles which were obtained under the shaking condition are shown in Fig. 7 . The double-layer morphology shown in Fig. 6 is not observed. Instead, the surface layer appears relatively dense in a short time (2 h). The denseness of surface layer reduces with shaking time and the peeling-off of the surface layer is observed. The surface layer was confirmed to be the mixture of C 2 A · 8H 2 O (A), C 3 A · Ca(OH) 2 · 18H 2 O (B), C 3 A · xH 2 O (xϭ8-10) (D) and Ca 3 Al 2 (OH) 12 (C) which were comfirmed by EDX. The morphology of the former three hydrates, A, B and D is hexagonal or pseudo-hexagonal plate or irregular thin films. The latter hydrate C distributes randomly on the surface layer. It was found that Ca 3 Al 2 (OH) 12 and C 3 A · Ca(OH) 2 · 18H 2 O contained F up to 5 and 0.23 mass%, re- spectively. It follows from these observations that as soon as the C 3 A particles are brought into contact with F aqueous solution, the hexagonal hydrates of C 2 A · 8H 2 O and C 3 A · Ca(OH) 2 · 18H 2 O are formed, and then convert to Ca 3 Al 2 (OH) 12 which forms the outer layer, as shown in Fig.  7 . Present observation coincides with that by Lea 5) who reported that the formation of hexagonal hydrates occurred within a few minutes when finely ground C 3 A particles reacted with excess water. These hexagonal hydrates are metastable at ordinary temperature and eventually convert to less soluble and more stable isometric compound Ca 3 Al 2 (OH) 12 .
As mentioned in previous sections, the C 3 A · xH 2 O phase is observed in the hydration of both C 3 A and C 12 A 7 . This hydrate appears to be much more stable than C 3 A · Ca(OH) 2 · 18H 2 O and C 2 A · 8H 2 O. It remains detectable by XRD even after the C 3 A particles react with the F aqueous solution at 100°C for 20 h. It should be noted that there is no F uptake in this compound, as confirmed by electron microprobe analysis.
C 12 A 7
It was found that the C 12 A 7 particles reacted slowly with the F aqueous solution under the static condition. The hexagonal-plate hydrates in spherical cluster are observed sporadically on the surface after 2 h, as shown in Fig. 8 . These hexagonal crystals keep increasing in size and quantity, and after 24 h cover the whole C 12 A 7 grain. The EDX analysis reveals that C 2 A · 8H 2 O is the dominant phase on the surface layer. The morphology of this hydrate is different from that observed for C 3 A (Fig. 6 ). This hydrate becomes thicker and larger, growing almost normal to the surface of the C 12 A 7 grain. The Ca 3 Al 2 (OH) 12 phase was not observed within 24 h.
Under the shaking condition the hexagonal hydrates grow randomly on the grain surface, as shown in Fig. 9 . These hexagonal crystals are smaller and thinner than those observed under the static condition (Fig. 8) . In a short time (2 h) the surface layer consists of a mixture of three crystals of C 2 A · 8H 2 O (A), C 3 A · Ca(OH) 2 · 18H 2 O (B), and C 3 A · xH 2 O (xϭ8-10) (D), but after a long time (24 h) the Ca 3 Al 2 (OH) 12 phase (C) appears in addition to A, B and D. The F contents in C 3 A · Ca(OH) 2 · 18H 2 O and Ca 3 Al 2 (OH) 12 are up to 0.34 and 3.8 mass%, respectively. The C 2 A · 6H 2 O phase was not observed on the surface of hydrated C 12 A 7 particles, but was observed in filtered solids from which the hydrated C 12 A 7 particles were seperated for microscopic observation. This phase only appears in a very small amount at 2 h, and becomes difficult to detect after 24 h. This is due to the fact that particles (0.84-1.0 mm) used here is much larger than those (Յ0.1 mm) used in shaking test (Fig. 4) . Therefore, the amount of C 2 A · 6H 2 O phase formed is small, and this phase gradually changes to Ca 3 Al 2 (OH) 12 . No F uptake was found in the C 2 A · 6H 2 O phase.
Immobilization Mechanism
From the microscopic observation of hydrated calcium aluminate particles reacted with the F aqueous solution it follows that the immobilization of F with C 3 A and C 12 A 7 is related to the formation of the Ca 3 Al 2 (OH) 12 and C 3 A · Ca(OH) 2 · 18H 2 O phases, respectively, which are served as a F scavenger. Fluorine ions may substitute for the structural (OH Ϫ ) sites in these compounds, analogous to the relation between fluorapatite (Ca 5 F(PO 4 ) 3 ) and hydroapatite (Ca 5 (OH)(PO 4 ) 3 ). From the viewpoint of the combination mode and bonding force, water in crystal hydrates may appear to be: (1) in the form of ion-crystal water, or (2) bound with the constituents of the lattice in the form of molecules-coordination bound water, or (3) zeolitic water. 6) Crystal hydrates in which water is more than one form at a time, also commonly occur, e.g., water in Ca 3 Al 2 (OH) 12 is all in the form of OH Ϫ ion, while in C 3 A · Ca(OH) 2 · 18H 2 O water appears to be the combination of coordination bound water and OH Ϫ ion. The crystal hydrates in which water exists in the form of OH Ϫ ion appear to be a potential receptor of F Ϫ . However, actually whether or not and to what extend this substitution can occur is dependent on the structural characteristics of these crystal hydrates.
The Ca 3 Al 2 (OH) 12 phase is of body center cubic structure with the ionic constituent of Ca 3 [Al(OH) 6 ] 2 . 7) Of the various hydration products of calcium aluminates, this compound is only a stable calcium aluminate hydrate in the CaO-Al 2 O 3 -H 2 O system under normal condition of temperature and pressure. 8) Water in this compound is all in the form of OH Ϫ ion, and these (OH Ϫ ) sites are probably identical in term of the substitution with F Ϫ . This structural characteristic makes Ca 3 Al 2 (OH) 12 an excellent receptor of F.
The structure of C 3 A · Ca(OH) 2 · 18H 2 O may base on the structural element [Ca 2 Al(OH) 6 ](OH) which is octahedral layer similar to portlandite (Ca(OH) 2 ) in constructure. The seventh (OH Ϫ ) site in the last term of [Ca 2 Al(OH) 6 ](OH) is situated above the aluminium position to balance the charges, 9) and is exchangeable. Actually, calcium aluminum sulfate hydrate (C 3 A · CaSO 4 · 12H 2 O) is an example of SO 4 2Ϫ substitution for this exchangeable (OH Ϫ ) site. In this research, it is considered that the F Ϫ substitution for OH Ϫ ion also occurs in this position. According to this proposed crystal structure, it can be expected that the uptake of F in C 3 A · Ca(OH) 2 · 18H 2 O is lower than that of Ca 3 Al 2 (OH) 12 , because there are only two replaceable (OH Ϫ ) sites per molecule C 3 A · Ca(OH) 2 · 18H 2 O. This is in accordance with our aforementioned experimental results.
The immobilization process of F by C 3 A is schematically shown in Fig. 10 . The hexagonal hydrates of C 2 A · 8H 2 O and C 3 A · Ca(OH) 2 · 18H 2 O form immediately through the reaction [A] shown in Fig. 10 , which has been proved by Feldman and Ramachandran. 9) These hydrates almost immediately convert to Ca 3 Al 2 (OH) 12 under the current exper-imental conditions by the reaction [B] and the rate of conversion increases with temperature. The F Ϫ ions are incorporated into Ca 3 Al 2 (OH) 12 during this conversion reaction. The conversion associated with the F removal is significantly accelerated by shaking. It should be pointed out that the C 3 A · Ca(OH) 2 · 18H 2 O phase decomposes to C 2 A · 6H 2 O at first, and then the latter further converts to Ca 3 Al 2 (OH) 12 , similar to that happend in the case of C 12 A 7 . However, since this process proceeds very fast and the F uptake in C 3 A · Ca(OH) 2 · 18H 2 O is very low in the case of C 3 A, it does not affect the behavior of F removal to a significant extend. Therefore, the decomposition reaction of C 3 A · Ca(OH) 2 · 18H 2 O to C 2 A · 6H 2 O is not given here.
The C 12 A 7 phase is less effective than C 3 A for the F removal. The reason for this is explained schematicly in Fig.  11 . The C 3 A · Ca(OH) 2 · 18H 2 O phase is produced as a major phase at early stage by the reaction [AЈ], where some of F is immobilized into C 3 A · Ca(OH) 2 · 18H 2 O. This leads to the decrease of the F content at early stage, as shown in Fig. 4 . Since the C 12 A 7 particles are not completely covered by hydration products, as confirmed by microscopic observation ( Fig. 8 ), high hydration rate as well as high evolution of hydration heat can be expected during this period. This promotes the decomposition of C 3 A · Ca(OH) 2 · 18H 2 O into C 2 A · 6H 2 O along with F Ϫ at 2 h through the reaction [C]. The release of the embedded F leads to the abnomal increase of F content in aqueous solution, as shown in Fig. 4 . With an increase of the thickness of the surface layer, however, the hydration rate begins to decrease and eventually reaches a steady state, where C 3 A · Ca(OH) 2 · 18H 2 O remains temporarily stable.
At the later period, the C 3 A · Ca(OH) 2 · 18H 2 O phase keeps increasing in amount through the reaction [AЈ] and continuously contributes to the F removal. In the meanwhile, C 2 A · 8H 2 O and C 2 A · 6H 2 O formed by the reaction [C] begin to convert to Ca 3 Al 2 (OH) 12 by the reaction [BЈ], whereby the F Ϫ ions are also incorporated into this compound. At the later stage both a large amount of C 3 A · Ca(OH) 2 · 18H 2 O and a small amount of Ca 3 Al 2 (OH) 12 contribute to the F removal, and particularly the role of Ca 3 Al 2 (OH) 12 becomes more and more important.
As shown in Fig. 5 , the removal of F is improved with an increase in particle size of C 12 A 7 . This trend is associated with an increase in the amount of C 2 A · 8H 2 O phase, as shown in Table 1 . This indicates that C 3 A · Ca(OH) 2 · 18H 2 O is more stable than C 2 A · 8H 2 O and the conversion rate of C 3 A · Ca(OH) 2 · 18H 2 O to Ca 3 Al 2 (OH) 12 may be slower than that of C 2 A · 8H 2 O under the same condition. Therefore, the formation of Ca 3 Al 2 (OH) 12Ϫx F x will be promoted with increasing the amount of C 2 A · 8H 2 O phase.
Conclusions
The immobilization of F in aqueous solution with the C 3 A and C 12 A 7 particles has been studied as a function of holding time and particle size under the static and shaking conditions. The conclusions are summarized as follows:
(1) The ability of immobilization of F for calcium aluminates is in the increasing order of CA 2 ϽCAϽC 12 A 7 Ͻ C 3 A.
(2) The main hydration product for C 3 A is Ca 3 Al 2 (OH) 12 , and that for C 12 A 7 is C 3 A · Ca(OH) 2 · 18H 2 O.
(3) The removal of F is associated with the formation of Ca 3 Al 2 (OH) 12Ϫx F x and C 3 A · Ca(OH) 2Ϫx F x · 18H 2 O. The F uptake in the former is much higher than that in the latter and this is related to their different structural characteristics.
(4) Hexagonal hydrates of C 3 A · Ca(OH) 2 · 18H 2 O and C 2 A · 8H 2 O are metastable in contact with water under a certain temperature. The former converts to C 2 A · 6H 2 O, resulting in the release of immobilized F. The latter converts more easily to Ca 3 Al 2 (OH) 12 than the former and F is incorporated into Ca 3 Al 2 (OH) 12 during this conversion.
(5) The C 12 A 7 particles with larger size favor the removal of F due to the increase of the amount of the C 2 A · 8H 2 O phase and the stability of C 3 A · Ca(OH) 2 · 18H 2 O phase.
